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(57) ABSTRACT

A smart contact lens (400) for detecting a ratiometric change
in an incident light (126) intensity is provided, including one
or more, preferably concentric, rings (410-1, 410-2, . . .,
410-N) of a liquid crystal display, LCD, type, each ring
being operable between a state having a lower attenuation of
light and a state having a higher attenuation of light; a circuit
(420, 100, 101) for detecting a ratiometric change in an
incident light intensity; and a controller (430) configured to
operate the one or more rings based on an intensity of an
incident light and to, as a response to the circuit (420, 100,
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10 101) detecting a ratiometric change in the intensity of the
incident light from a higher intensity state to a lower
intensity state indicating that at least a beginning of a
blinking of an eye of a user has occurred, initiate a re-
polarization of the one or more rings. A method of operating
the smart contact lens and various uses of the circuit are also
provided.
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1
SMART CONTACT LENS WITH
RATIOMETRIC LIGHT CHANGE
DETECTION

TECHNICAL FIELD

The present disclosure generally relates to the field of
smart contact lenses. In particular, the present disclosure
relates to a smart contact lens with detection of a ratiometric
change in an incident light intensity and a method of
operating such a smart contact lens.

BACKGROUND

Smart contact lenses comprising circuits for detecting a
ratiometric light change may find use in various applica-
tions, including for example detection of a blinking of an eye
or detection of a moving object. To be able to detect a light
change in e.g. both dim indoor lighting conditions and bright
outdoor lighting conditions, there is a need for such a circuit
to have a high dynamic range.

SUMMARY

To at least partly fulfil the above need, the present
disclosure seeks to provide an improved smart contact lens
for detecting a ratiometric change in an incident light
intensity, as well as a method of operating such a smart
contact lens, as defined in the independent claims. Further
embodiments are provided in the dependent claims.

According to one aspect of the present disclosure, a smart
contact lens is provided. The smart contact lens comprises
one or more, preferably concentric, rings of a liquid crystal
display, LCD, type, each ring being operable between a state
having a lower attenuation of light and a state having a
higher attenuation of light. The smart contact lens also
comprises a circuit for detecting a ratiometric change in an
incident light intensity; and a controller configured to oper-
ate the one or more rings based on an intensity of an incident
light and to, as a response to the circuit detecting a ratio-
metric change in the intensity of the incident light from a
higher intensity state to a lower intensity state indicating that
at least a beginning of a blinking of an eye of a user has
occurred, initiate a re-polarization of the one or more rings.

A smart contact lens as described herein may offer a way
of for example artificially mimicking the iris function of an
eye. This may be helpful to individuals which, due to for
example cancer, acute injury or for other reasons, suffer
from problems with the iris. By individually activating or
deactivating one or more rings of an LCD type arranged in
the iris area, the incident light to the eye may be controlled
based on for example an ambient light level.

Once an LCD ring has been activated it normally needs to
be re-polarized after a few seconds in order not to lose its
contrast. Such re-polarization may be visible to the user of
the contact lens in form of undesired light flicker. If,
however, the LCD ring is instead re-polarized while the
eyelid of the eye is closed (e.g. during a blinking of the eye),
the re-polarization may be performed without noticeable
light flicker to the user. For some LCD types, re-polarization
of a ring may be desirable also for other reasons. For
example, if a ring is of e.g. a ghost-host display type,
repeated re-polarization may be desirable to prevent degra-
dation of the crystal cell(s).

If the lens is installed/provided in an eye, the above
change in intensity may for example correspond to a begin-
ning of a blinking of the eye. By re-polarizing the one or
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more rings during the blinking of the eye (i.e. while the
eyelid is closed), little or no visual flickering due to the
re-polarization may be experienced by the user of the
contact lens.

The circuit may include a light sensor configured to
induce a photocurrent through it as a function of an intensity
of an incident light. The light sensor may for example be a
photodiode, photodetector or photosensor, or another ele-
ment (i.e. a photosensitive device) which may provide a
photocurrent through it as a function of the intensity of the
incident light.

The circuit may include an operational amplifier, which
may increase the signal to noise ratio of the detected change
in incident light intensity.

The light sensor may be connected to an inverting input
of the operational amplifier, which may increase the signal
to noise ratio of the induced photocurrent.

The circuit may include a feedback loop. The feedback
loop may connect an output of the operational amplifier to
the inverting input of the operational amplifier. The feedback
loop may include at least one circuit element. The at least
one circuit element may have a logarithmic voltage-current
dependence. The feedback loop allows for negative feed-
back, increasing stability of the circuit. A circuit element
with a logarithmic voltage-current dependence allows the
circuit to detect light changes within a high dynamic light
range, and to work from e.g. both dimmed indoor light to full
sun light.

The circuit may include a high-pass filter. The high-pass
filter may be configured to filter a signal output from the
operational amplifier to generate a high-pass filtered signal.
The high-pass filtered signal may have a higher signal-to-
noise ratio.

The circuit may further include a comparison element.
The comparison element may be configured to receive the
high-pass filtered signal. The comparison element may be
configured to compare the high-pass filtered signal with at
least a first threshold value. The comparison element may be
configured to output a signal which, as a response to an
amplitude of the high-pass filtered signal passing the at least
a first threshold value, changes to indicate a ratiometric
change in the intensity of the incident light. The comparison
element allows for a clear detection of relevant ratiometric
change in incident light intensity, thereby reducing the
requirements of the controller.

The operational amplifier may be a generic ultra-low
power operational amplifier, and the circuit may operate
with low or minimal consumption of supply current. This
allows the circuit to be powered e.g. by a small thin film
battery. Such a battery may be provided on the smart contact
lens. Also, due to a low component count, the provided
circuit requires a lower footprint, making it even more
suitable for use as e.g. a blink detector in a smart contact
lens.

In some embodiments, the light sensor may be connected
between the inverting input and a non-inverting input of the
operational amplifier.

In some embodiments, the at least one circuit element
may be or include a diode or at least a two-terminal element
behaving like a diode. Particularly, a diode-like behavior is
understood to mean an element wherein a voltage across the
element has a logarithmic dependence on a current through
the element.

In some embodiments, the at least one circuit element
(e.g. the diode or element behaving like a diode) may be
arranged in the feedback loop with one terminal towards the
inverting input of the operational amplifier and another
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terminal towards the output of the operational amplifier.
Here, “towards” does not necessarily indicate a physical
location of something (i.e. that something is physically
pointing towards something), but rather a topological
arrangement. Phrased differently, the at least one circuit
element may be arranged such that e.g. an electrical path (or
electrical current) running from the inverting input of the
operational amplifier (or at least from a node to which the
inverting input of the operational amplifier is connected)
towards the output of the operational amplifier first reaches
the one terminal of the element before reaching the another
terminal of the element.

In some embodiments, the at least one circuit element
may be a diode, arranged within the feedback loop with its
cathode towards the inverting input of the operational ampli-
fier and its anode towards the output of the operational
amplifier. The light sensor may e.g. be a photodiode, and
arranged with its cathode towards the inverting input of the
operational amplifier and its anode towards e.g. a ground or
to the non-inverting input of the operational amplifier. In
some embodiments, the at least one circuit element may be
a diode, arranged within the feedback loop with its anode
towards the inverting input of the operational amplifier and
its cathode towards the output of the operational amplifier.
The light sensor may e.g. be a photodiode, and arranged with
its anode towards the inverting input of the operational
amplifier and its cathode towards e.g. a ground or to the
non-inverting input of the operational amplifier.

In some embodiments, the comparison element may be a
comparator. Such a comparator may for example output a
signal which, depending on whether an input signal to the
comparator is above or below a threshold value, assumes
one of two states (such as e.g. a higher voltage state and a
lower voltage state). The comparator may for example be
realized using a differential amplifier or similar, wherein the
high-pass filtered signal is provided as one input and a signal
indicative of the first threshold value as another input, and
wherein the differential amplifier saturates at for example a
positive or negative rail voltage depending on whether one
input is larger than the other or vice versa. Other ways of
implementing a comparator are of course also envisaged.

In some embodiments, the comparator may be a hysteretic
comparator. The signal output from the comparator may then
change as a response to the high-pass filtered signal passing
both the first threshold value and a second threshold value
different from the first threshold value. Phrased differently,
the comparator may not change its output signal directly
when the high-pass filtered signal crosses a single (i.e. the
first) threshold value, but only when the high-pass filtered
signal also crosses the second threshold value, thus intro-
ducing hysteretic behavior in that the output value of the
comparator plotted as a function of the high-pass filtered
signal will not follow a same curve when the value of the
high-pass filtered signal changes in one direction (e.g. from
a lower value to a higher value) as when the value of the
high-pass filtered signal changes in an opposite direction
(e.g. from the higher value to the lower value). It is envis-
aged that the hysteretic behavior of the comparator may be
an intrinsic feature of a comparator, or e.g. implemented
using for example a Schmitt-trigger circuit or similar. Using
a hysteretic comparator may for example provide an output
signal which is more immune to noise which causes the
high-pass filtered signal to fluctuate around the first thresh-
old value, and which only changes its output state once the
input (e.g. the high-pass filtered signal) goes outside a region
of'values bounded by the first threshold value and the second
threshold value.
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In some embodiments, the high-pass filter may have a
corner frequency which may depend on a required rate of
change of the circuit for a certain ratiometric change in the
intensity of the incident light. Phrased differently, the corner
frequency of the high-pass filter may be configured to allow
a certain detection speed of the circuit.

In some embodiments, the high-pass filter may be of a
switched capacitor type. Such an implementation of the
high-pass filter may for example help to limit a required
on-chip area of passive components such as resistors and/or
capacitors.

According to a first variation of the present disclosure, a
circuit for detecting a ratiometric change in an intensity of
an incident light is provided. Hence, the circuit for detecting
a ratiometric change in an intensity of an incident light need
not necessarily be arranged in a smart contact lens.

Thus, according to the first variation, a circuit for detect-
ing a ratiometric change in an incident light intensity is
provided. The circuit may include an operational amplifier.
The circuit may include a light sensor configured to induce
a photocurrent through it as a function of an intensity of an
incident light. The light sensor may for example be a
photodiode, photodetector or photosensor, or another ele-
ment (i.e. a photosensitive device) which may provide a
photocurrent through it as a function of the intensity of the
incident light. The light sensor may be connected to an
inverting input of the operational amplifier. The circuit may
include a feedback loop. The feedback loop may connect an
output of the operational amplifier to the inverting input of
the operational amplifier. The feedback loop may include at
least one circuit element. The at least one circuit element
may have a logarithmic voltage-current dependence. The
circuit may include a high-pass filter. The high-pass filter
may be configured to filter a signal output from the opera-
tional amplifier to generate a high-pass filtered signal. The
circuit may further include a comparison element. The
comparison element may be configured to receive the high-
pass filtered signal. The comparison element may be con-
figured to compare the high-pass filtered signal with at least
a first threshold value. The comparison element may be
configured to output a signal which, as a response to an
amplitude of the high-pass filtered signal passing the at least
a first threshold value, changes to indicate a ratiometric
change in the intensity of the incident light.

According to a second variation of the present disclosure,
a method of detecting a ratiometric change in an intensity of
an incident light is provided. The method may include
providing a light sensor. The light sensor may be configured
to induce a photocurrent through it as a function of an
intensity of an incident light. The method may include
regulating, by using an operational amplifier and a feedback
loop including at least one circuit element having a loga-
rithmic voltage-current dependence, a voltage across the
light sensor to or at least towards zero. The method may
include high-pass filtering a signal output from the opera-
tional amplifier to generate a high-pass filtered signal. The
method may further include detecting a change in the
intensity of the incident light by confirming that (an ampli-
tude of) the high-pass filtered signal passes at least a first
threshold value. Such confirming may for example be
obtained using a comparison element (such as a comparator)
as described herein with reference to the circuit of the first
aspect.

In some embodiments, detecting a change in the intensity
of the incident light may include confirming that the high-
pass filtered signal passes both the first threshold value and
a second threshold value different from the first threshold
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value. This may be obtained by using e.g. a hysteretic
comparator as also described herein with reference to the
circuit of the first aspect.

According to a third variation of the present disclosure, a
use of a circuit (e.g. according to the first variation) and/or
method (e.g. according to the second variation) as disclosed
and described herein to detect a blinking of an eye is
provided.

According to a fourth variation of the present disclosure,
a use of a circuit and/or method as disclosed and described
herein to detect a movement of an illuminated object is
provided.

According to a fifth variation of the present disclosure, a
smart contact lens is provided. The lens may include one or
more rings of liquid crystal display (LCD) type. Each ring
may be operable between a state having a lower attenuation
of light and a state having a higher attenuation of light. The
one or more rings are preferably concentrically or approxi-
mately concentrically arranged. The rings preferably also
have different inner/outer diameters, and arranged in order
of inner/outer diameter. The lens may include a circuit as
disclosed and described herein, e.g. the circuit according to
the first aspect. The lens may further include a controller.
The controller may be configured to operate the one or more
rings based on an intensity of an incident light. The con-
troller may be configured to receive the signal output from
the comparator and to, as a response to the signal (received
from the comparator) indicating a ratiometric change in the
intensity of the incident light from a higher intensity state to
a lower intensity state, initiate a re-polarization of the one or
more rings.

According to a second aspect of the present disclosure, a
method of operating a smart contact lens including one or
more, preferably concentric, rings of a liquid crystal display,
LCD, type is provided. The method may include detecting,
using a circuit e.g. as comprised in the first aspect and/or
according to the first variation and/or a method according to
e.g. the second variation, whether a ratiometric change in an
intensity of an incident light (hitting the light sensor) cor-
responding to at least a beginning of a blinking of an eye (for
which the smart contact lens is provided) has occurred. The
method may further include initiating, as a response to
detecting that such at least a beginning of a blinking of an
eye has occurred, a re-polarization of the one or more rings.

The present disclosure relates to all possible combinations
of features recited in the claims. Further, any embodiment
described with reference to the circuit according to the first
variation may be combinable with any of the embodiments
described with reference to the method according to the
second variation, the various uses according to the third and
fourth variations, the smart contact lens according to the fifth
variation, and the method according to the second aspect,
and vice versa.

Further objects and advantages of the various embodi-
ments of the present disclosure will be described below by
means of exemplifying embodiments.

BRIEF DESCRIPTION OF THE DRAWINGS

Exemplifying embodiments will be described below with
reference to the accompanying drawings, in which:

FIGS. 1a and 15 illustrate schematically various embodi-
ments of a circuit according to the present disclosure;

FIG. 2 illustrates schematically plots of various examples
of signals provided in embodiments of a circuit according to
the present disclosure;
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FIG. 3 illustrates schematically a flowchart of an embodi-
ment of a method according to the present disclosure;

FIG. 4 illustrates schematically an embodiment of a smart
contact lens according to the present disclosure; and

FIG. 5 illustrates schematically a flowchart of an embodi-
ment of a method according to the present disclosure;

In the drawings, like reference numerals will be used for
like elements unless stated otherwise. Unless explicitly
stated to the contrary, the drawings show only such elements
that are necessary to illustrate the example embodiments,
while other elements, in the interest of clarity, may be
omitted or merely suggested. As illustrated in the figures, the
sizes of elements and regions may not necessarily be drawn
to scale and may e.g. be exaggerated for illustrative purposes
and, thus, are provided to illustrate the general structures of
the embodiments.

DETAILED DESCRIPTION

Exemplifying embodiments will now be described more
fully hereinafter with reference to the accompanying draw-
ings. The drawings show currently preferred embodiments,
but the invention may, however, be embodied in many
different forms and should not be construed as limited to the
embodiments set forth herein; rather, these embodiments are
provided for thoroughness and completeness, and fully
convey the scope of the present disclosure to the skilled
person.

With reference to FIGS. 1a and 15, various embodiments
of a circuit for detecting a ratiometric change in an incident
light intensity will now be described in more detail.

FIG. 1a illustrates schematically a circuit 100. The circuit
100 includes a light sensor 120 which has one terminal 122
connected to an inverting input 112 of an operational ampli-
fier 110. The other terminal 124 of the light sensor 120 may
be connected e.g. to ground or for example directly to a
non-inverting input 114 of the operational amplifier 110.
When hit by an incident light 126, the light sensor 120
induces a photocurrent 1., through it. The size of the
photocurrent I, depends on an intensity of the incident
light 126.

The circuit 100 further includes a feedback loop 130. The
feedback loop 130 connects an output 116 of the operational
amplifier 110 back to the inverting input 112 of the opera-
tional amplifier 110. The feedback loop 130 includes a
circuit element 132. The circuit element 132 is such that it
has a logarithmic voltage-current dependence. Phrased dif-
ferently, a voltage across the circuit element 132 changes in
a logarithmic fashion with respect to a current through the
circuit element 132. If no or very little current is allowed to
enter the inverting input 112 of the operational amplifier 110
(e.g. by assuming the operational amplifier 110 to be ideal or
at least approximately ideal), the current through the circuit
element 132 may equal the induced photocurrent I,,. A
voltage across the circuit element may then be at least
proportional to In(I,,+0) where a is a term which may be
either zero or finite. Although not illustrated in FIG. 1aq, it is
envisaged that the feedback loop may also include other
elements in addition to the circuit element 132.

The circuit 100 further includes a high-pass filter 140. The
high-pass filter 140 is connected to the output 116 of the
operational amplifier, and filters a signal V ,,, output from
the operational amplifier 110 to produce a high-pass filtered
signal V.

The circuit 100 includes a comparison element 150 which
is connected to receive the high-pass filtered signal V-
from the high-pass filter 140. The comparison element 150
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is configured to compare the high-pass filtered signal V-
with at least a first threshold value V ,; and to output a signal
Voo based thereon. The comparison element 150 is con-
figured such that, as a response to an amplitude of the
high-pass filtered signal V. passing the at least a first
threshold value V;,, the signal V., changes to indicate a
ratiometric change in the intensity of the incident light 126.

It is envisaged that the signal V. for example changes
in a binary fashion between a first value (or state) Vg,
indicative of e.g. a high or higher intensity of the incident
light 126 and a second value (or state) V, indicative of e.g.
a low or lower intensity of the incident light 126. In some
embodiments, the first value Vg, is higher than the second
value V, while, in other embodiments, the opposite is true.
It is envisaged also that the signal V1, in other embodi-
ments, does not change in a digital fashion but rather in an
analogue fashion such that the signal V. assumes more
than two different values. It may be envisaged that, for
example, a higher value of V.- indicates a higher intensity
of the incident light 126, while a lower value of V.~
indicates a lower intensity of the incident light 126, or vice
versa, and that a change in value indicate the ratiometric
change in the intensity of the incident light 126. It is also
envisaged that the signal V., may instead contain infor-
mation about one or both of the intensity of the incident light
126 and a change in the intensity of the incident light 126 in
for example a data format. The signal V 5, may for example
be a bit-stream coding such information about the incident
light 126. In any situation, the signal V., may be further
provided to and used by e.g. a controller (not shown) to for
example control one or more objects based on the informa-
tion about the incident light 126. As will be described later
herein, such an object may for example be a smart contact
lens or similar. In other embodiments, the information about
the change in intensity of the incident light 126 may for
example be used to detect movement of an illuminated
object.

FIG. 15 illustrates schematically a circuit 101. The circuit
101 includes an operational amplifier 110, having an invert-
ing input 112, a non-inverting input 114 and an output 116.
In the circuit 101, a light sensor 120 is provided in form of
a photodiode. The photodiode 120 is connected across the
inputs 112 and 114 of the operational amplifier 110, such that
its cathode 122 is connected to the inverting input 112 and
such that its anode 124 is connected to the non-inverting
input 114 of the operational amplifier 110.

A feedback loop 130 connects the output 116 of the
operational amplifier 110 back to the inverting input 112 of
the operational amplifier 110. In the circuit 101, the feed-
back loop 130 includes a circuit element 132 in form of a
diode. The diode 130 is arranged such that its cathode 134
is connected to the inverting input 112 of the operational
amplifier 110, and such that its anode 136 is connected to the
output 116 of the operational amplifier 110. In other embodi-
ments of the circuit 101, it may be envisaged that the
directions of the two diodes 120 and 132 are reversed, such
that e.g. the cathode 122 of the diode 120 is towards the
non-inverting input 114 and the anode 124 is towards the
inverting input 112, and such that the cathode 134 of the
diode 132 is towards the output 116 and the anode 136
towards the inverting input 112.

The circuit 101 further includes a high-pass filter 140. In
FIG. 15, the high-pass filter 140 is illustrated as being
formed by a voltage divider including a variable resistor 142
and a capacitor 144. Due to the impedance of the capacitor
144 being inversely proportional to frequency, various fre-
quency components of the signal V ,,, will distribute dif-
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ferently across the capacitor 144 and the variable resistor
142. A component having a lower frequency will for
example distribute more across the capacitor 144 than across
the variable resistor 142, while the opposite is true for a
component having a higher frequency. This allows the
variable resistor 142 and capacitor 144 to together function
as a high-pass filter which outputs a signal V. which is a
high-pass filtered version of the signal V ,,». A corner (or
cut-off) frequency of the filter 140 may be adjusted as a
function of the variable resistance provided by the variable
resistor 142. It is, however, envisaged also that the high-pass
filter 140 may be formed in other ways, for example as a
switched-capacitor high-pass filter.

The circuit 101 includes a comparison element 150 in
form of a comparator. The comparator 150 is connected such
that a voltage across the variable resistor 142 (e.g. V) is
provided across the input terminals 152 and 154 of the
comparator 150. The comparator 150 provides an output
signal V. depending on a sign of a differential voltage
across its input terminals 152 and 154. Depending on the
sign of the differential voltage, the output signal V.,
obtains one of two values, such as for example a positive
voltage and a negative voltage, or a zero voltage and a
positive or negative voltage. In the circuit 101, the positive
input 154 of the comparator 150 is connected to ground. As
a result, the comparator 150 may for example be such that
the output V 5, assumes one value when (an amplitude of)
the high-pass filtered signal V. is positive, and another
value when (an amplitude of) the high-pass filtered signal
V pr 18 negative. This may correspond to a first threshold
value of the comparator 150 being equal to zero.

To for example avoid fluctuations of the output V. r
when the signal V , ., fluctuates around the first threshold
value, the comparator 150 may be modified such that it
obtains a hysteretic behavior. For example, the comparator
150 may be such that its output V. only changes once
V o has passed (in a same direction) both the first threshold
value and a second threshold value different from the first
threshold value. For example, for a first threshold value V
and a second threshold value V ,>V ,,, the comparator 150
may be configured such the output V- assumes one value
once V. exceeds V., and assumes another, different
value once V. goes below V. In another embodiment,
for a first threshold value V;, and a second threshold value
V <V, the comparator 150 may be configured such that
the output V ., assumes one value once V. goes below
V5, and another, different value once V.. exceeds V.
Other variants providing the same functionality are also
envisaged. Phrased more generally, a hysteretic comparator
may provide an output signal V., which assumes one
state/value while the signal V ;- is within a region of values
bounded by the first and second threshold values, and which
assumes another state/value when the signal V- is outside
this region.

Although not illustrated in the FIGS. 1a and 15, it is
envisaged that e.g. power supply rails are provided to power
e.g. the operational amplifier 110 and the comparison ele-
ment/comparator 150.

The functionality of a circuit (such as the circuits 100 and
101 described with reference to FIGS. 1a and 15, respec-
tively) according to the present disclosure will now be
described in further detail with reference to FIGS. 14 and/or
15, and FIG. 2.

For a light sensor in form of e.g. a photodiode 120, the
induced photocurrent 1., through the photodiode 120 may
depend on an intensity of the incident light 126. For
example, it may be envisaged that the photocurrent 1.,
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changes between a low value I, for a low intensity of the
incident light 126 and a high value I,,,>I,,, for a high
intensity of the incident light 126. A change ratio between
the respective high and low values of the photocurrent 1,
may be defined as CR=l,,/1,,,>1. FIG. 2 illustrates
schematically a plot 200 of an example of a photocurrent I,
as a function of time, including a change of the photocurrent
15 under a time interval between t=0 and t=t,. A reduction
of the intensity of the incident light 126 from a higher value
to a lower value changes the photocurrent from a higher
value I,,; to a lower value I,,; during a sub-interval
between t=0 and t=t, and a later return of the intensity to the
higher value changes the photocurrent back to the higher
value I, during a later sub-interval between t=t, and t=t,.

The induced photocurrent 1., may flow from the cathode
to the anode of the photodiode 120. The operational ampli-
fier 110 and the feedback loop 130 may control/regulate a
voltage V. across the photodiode 120 to (or at least
towards) zero, and direct the photocurrent 1., through the
circuit element (i.e. the diode 132). If the anode 124 of the
photodiode 120 and the non-inverting input 114 of the
operational amplifier 110 are connected to a potential V-,
(e.g. a ground), a potential at the inverting output 112 of the
operational amplifier 110 (and at the respective cathodes 122
and 134 of the photodiode 120 and diode 130, respectively)
will thus be controlled/regulated to V.

A voltage Vo across the diode 132 will thus depend on the
photocurrent I, in a logarithmic fashion. Assuming the
diode 132 to be ideal, the voltage across the diode 132 may
be approximated as V=V *In(I,,/1;+1), where V, is a
thermal voltage and I a saturation current of the diode 132.
Consequently, the signal V , ., output from the operation
amplifier 110 is assumed to be V_, =V +V o1/

If an intensity of the incident light 126 changes from the
high value to the low value, the photocurrent will change
from I, to 155,/CR. This will result in a corresponding
change in the signal V ,,» from V #In(Ipp/ 1+ 1)+V 4 10O
VT*In(Ipp/(CR¥15)+1)+V 1y . Provided that I ,,,,/(CR*1)
>>1 (i.e. that exp(V,/V)>>1), the change in the signal
V > may be expressed as AV, .=V #In(CR). Such an
assumption may be made valid by e.g. sizing the diode 132
accordingly. At room temperature, the thermal voltage may
be assumed to be approximately 26 mV. For a reduction in
light intensity with a factor e (i.e. approximately 2.72), a
difference in the voltage V ,,,» output by the operational
amplifier 110 is approximately 26 mV. This provides a high
dynamic range for the circuit of the present disclosure, and
allows to detect e.g. the ratiometric change in dim indoor
lighting conditions to bright outdoor lighting conditions.
FIG. 2 illustrates schematically a plot 210 of an example of
a signal V ,,» as a function of time, including a change of
V e during the above time interval from t=0 and t=t,
resulting from the change in photocurrent 1., during the
same time interval.

The high-pass filter 140 removes a DC content (i.e. a
constant component) of the signal V ;. and produces a
signal V. FIG. 2 illustrates schematically a plot 220 of a
signal V- as a function of time. By high-pass filtering the
signal V ,,», the high-pass filtered signal V. includes a
negative transition 222 which marks the start of the change
in intensity of the incident light 126.

A negative transition 222 in the signal V- is detected by
the comparison element (e.g. a comparator) 150. In one
embodiment, this is obtained by comparing the amplitude of
the signal V.- against a first threshold value V ;,. When the
amplitude of the signal V. goes below the threshold V-,
the comparison element 150 changes the output signal V ;.-
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from a first state (or voltage value) Vg, to a second state (or
voltage value) V,. Once the amplitude of the signal V-
returns above the threshold V,, again, the output signal
V oo changes back to the first state Vg, . This is illustrated
in FIG. 2, which illustrates schematically a plot 230 of an
example of a signal V. as a function of time, where the
change in intensity of the incident light 126 is indicated by
a pulse 232 in the signal V.1

In another embodiment, the comparison element (e.g. a
hysteretic comparator) compares the signal V- also
against a second threshold value V ,,, and changes the state
of the output signal V., only when V. passes (or have
passed, and in a same direction) both the first threshold value
V7, and the second threshold value V2>V, . As illustrated
schematically in FIG. 2 in a plot 240 of an example of
another signal V.- as a function of time, the signal V.-
changes from the first state Vg, to the second state V¢, once
the amplitude of V. goes below the first threshold value
V7, but does not return to the first state Vg, until the
amplitude of V. exceeds the second threshold value V .
This configuration also provides a pulse 242 indicating the
start of the reduction in intensity of the incident light 126,
but in a way which may be e.g. less sensitive to noise. If for
example the amplitude of the signal V- were to fluctuate
around the first threshold value V,, the embodiment using
the hysteretic comparator would not (erroneously) output
multiple pulses for each time V- fluctuates across the first
threshold value V,;, and may therefore provide a more
stable way of indicating the change in intensity of the
incident light 126 compared to e.g. the use of a single-
threshold comparator as shown in the plot 230.

It should be noted that in FIG. 2, all plots 200, 210, 220,
230 and 240 are plotted versus a same time coordinate (1),
but on separate vertical axes which are also shifted vertically
with respect to each other in order to enhance clarity of
presentation. In each plot, the zero value of the respective
vertical axis is indicated by a small, filled circle.

With reference to FIG. 3, various embodiments of a
corresponding method of detecting a ratiometric change in
an intensity of an incident light according to the present
disclosure will now be described in more detail.

FIG. 3 illustrates schematically a flowchart of a method
300. In a first step S310, a light sensor is provided (if not
already present). The light sensor is configured to induce a
photocurrent through it as a function of an intensity of an
incident light (hitting the light sensor). In a next step S320,
an operational amplifier and a feedback loop including at
least one circuit element having a logarithmic voltage-
current dependence is used to regulate a voltage a cross the
light sensor to zero. This provides that a photocurrent
induced through the light sensor is passed through the at
least one circuit element in the feedback loop. In a next step
S330, a signal output from the operational amplifier is
high-pass filtered to generate a high-pass filtered signal. In
a next step S340, a change in the intensity of the incident
light is detected by confirming that the high-pass filtered
signal passes at least a first threshold value. As already
described herein, this may for example correspond to an
amplitude of the high-pass filtered signal exceeding (or
falling below) the at least one threshold value. Although not
illustrated in FIG. 3, the method 300 may operate in a cyclic
fashion, and cycle back to the step S310 again to detect a
further change in the intensity of the incident light.

In some embodiments of the method 300, the step S340
may alternatively include comparing the high-pass against
both of the first threshold value and also a second threshold
value different from the first threshold value, and detecting
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the change in the intensity of the incident light by confirming
that the high-pass filtered signal passes (in a same direction)
both the first threshold value and the second threshold value
(ie. by confirming that the high-pass filtered signal is
outside a regional of values bounded by the first and second
threshold values). For further details and/or advantages of
such a way of detecting the change in intensity of the
incident light, referral is made to the above description
related to the use of a hysteretic comparator as the compari-
son element.

With reference to FIG. 4, one or more embodiments of a
smart contact lens according to the present disclosure will
now be described in more detail.

FIG. 4 illustrates schematically a smart contact lens 400.
The lens 400 includes one or more rings 410-1 to 410-N
(where N is an integer such that N=1). The one or more rings
410-1 to 410-N are concentrically arranged, but it is envis-
aged also that other suitable arrangements of the one or more
rings 410-1 to 410-N may be provided, for example an
approximately concentric arrangement, or similar. The rings
410-1 to 410-N may have different inner/outer diameters,
and for example be arranged such that the smallest ring (e.g.
the ring 410-1) is at the center and the other rings (e.g. 410-2
to 410-N) are arranged outwards of the ring 410-1 in order
of increasing diameters. Each ring 410-1 to 410-N may be
operable between a state having a lower attenuation of light
(e.g. an “open state”) and a state having a higher attenuation
of light (e.g. a closed/shut state).

In some embodiments, the one or more rings 410-1 to
410-N may for example be of a twisted nematic (TN) or
super twisted nematic (STN) type. In other embodiments,
the one or more rings 410-1 to 410-N may be of a guest-host
liquid crystal type, including a mix of e.g. a color dichroic
dye, chiral dopant and liquid crystal. Such a type may be
beneficial in that it may not need a polarizer to filter light.
Such a type may also be driven in a direct current (DC)
manner instead of an alternating current (AC) manner.
Driving the one or more rings 410-1 to 410-N in a DC
manner may further reduce the energy consumption, and
thereby help to further reduce e.g. a battery capacity needed
for driving the smart contact lens 400. It is envisaged also
that rings of one or more other types than LCD may be used,
as long as a same or similar functionality is obtained.

The lens 400 also includes a circuit 420. The circuit 420
may for example be a circuit such as the circuit 100
described with reference to FIG. 1a, or for example the
circuit 101 described with reference to FIG. 15, or other
embodiments thereof. The circuit 420 is preferably arranged
within the lens 400 such that, if the lens 400 is inserted into
an eye of a user (not shown) such that the rings 410-1 to
410-N obtains the function of an artificial iris of the eye, and
such that e.g. a light sensor of the circuit 420 is at least partly
covered by an eye lid of the eye when the eye lid is partially
or completely closed. It is also preferable that the lens 400
is further configured such that, when inserted into the eye of
the user, as much of the lens 400 except the rings 410-1 to
410-N are arranged outside a field of visibility for the eye,
in order not to disturb the sight of the user more than
necessarily.

The circuit 420 is configured to detect a ratiometric
change in an incident light intensity. The ratiometric change
may be used by a controller 430 to control the one or more
rings 410-1 to 410-N or be indicative of a beginning of a
blinking of an eye of a user.

The ratiometric change may be detected by measuring
absolute values of the incident light intensity and establish-
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ing threshold values and/or differences that correspond to
e.g. the beginning of a blinking of the eye of the user.

The ratiometric change may also be detected by measur-
ing relative values of the incident light intensity and detect-
ing relevant changes, e.g. beyond a threshold.

The ratiometric change may be measured using e.g. a
photodiode, photo-resistor and/or a photodetector.

The lens 400 includes a controller 430. The controller 430
is configured to operate the one or more rings 410-1 to
410-N (i.e. to operate each ring between its open and closed
states, as needed) based on an intensity of an incident light
(not shown) hitting the light sensor of the circuit 420,
thereby together with the one or more rings 410-1 to 410-N
emulating the functioning of an iris. The controller 430 is
further configured to receive a signal V., output from the
circuit 420 (e.g. from the comparison element or the light
sensor) and to, as a response to the signal V.- indicating
a ratiometric change in the intensity of the incident light
from a higher state to a lower state (e.g. a beginning of a
blinking of the eye), initiate a re-polarization of the one or
more rings 410-1 to 410-N. As a result, the rings 410-1 to
410-N may be re-polarized during a moment when the eye
of the user is closed, and such that little or no visual
flickering occurs due to the re-polarization. This provides an
improvement over e.g. a lens in which the one or more rings
are re-polarized without taking into account if the user is
blinking or not, which may lead to flickering if the rings are
re-polarized e.g. during a time when the eye lid is not closed
or partially closed. Re-polarizing the one or more rings may,
as described earlier herein, make the rings not lose their
contrasts or, if for example rings of a ghost-host display type
are used, also avoid degradation of the crystal cell(s).

With reference to FIG. 5, various embodiments of a
corresponding method of operating a smart contact lens
(such as the contact lens 400 described with reference to
FIG. 4) according to the present disclosure will now be
described in more detail.

FIG. 5 illustrates schematically a flowchart of a method
500. In a first step S510, it is detected whether a ratiometric
change in an intensity of an incident light has occurred using
a circuit as described earlier herein and/or a method as
described earlier herein, for example the circuits 100 and
101 described with reference to FIGS. 1a and 15, and/or the
method 300 described with reference to FIG. 3. Such a
ratiometric change corresponds to at least a beginning of a
blinking of an eye (into which the contact lens is inserted).
If it is detected that such at least a beginning of a blinking
of an eye has occurred, the method 500 proceeds 501 to a
next step S520. In the step S520, a re-polarization of the one
or more rings is initiated as a response to detecting that the
beginning of the blinking of the eye in step has occurred. If
no at least a beginning of a blinking of an eye is detected in
step S510, the method may stop or repeat 502 the step S510
one or more additional times until such at least a beginning
of a blinking of the eye is detected.

The present disclosure further envisages the use of a
circuit and/or method as described herein for e.g. detection
of a movement of an illuminated object. For example, a
matrix of circuits configured to detect a blinking of an eye
may be provided on a surface which is illuminated in a
variable way when objects and/or e.g. people are moving. If
one or more of the circuits detects a ratiometric change in an
intensity of the incident light, such a change may be related
to a movement of an object or e.g. a person. In contrast to
other techniques for detecting movement, based on e.g.
image processing, the present disclosure may offer an
improved way of detecting a movement, including the
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benefits and advantages already recited herein when describ-
ing the use of a single circuit.

In general, the present disclosure provides a way of
detecting a ratiometric change in an intensity of an incident
light. Such a detection may be provided with high dynamic
range, and work e.g. in dim indoor lighting conditions as
well as in bright outside lighting conditions and conditions
therebetween. A circuit as described herein may consume
little power, have a small physical footprint, and be suitable
to be used as for example a blink detector in a smart contact
lens where it allows blinking to be detected reliably and
independent of ambient light conditions. The circuit, and
method, also provides a way of for example detecting a
movement of an illuminated target.

The person skilled in the art realizes that the present
disclosure is by no means limited to the embodiments
described above. On the contrary, many modifications and
variations are possible within the scope of the appended
claims.

Although features and elements are described above in
particular combinations, each feature or element may be
used alone without the other features and elements or in
various combinations with or without other features and
elements.

Additionally, variations to the disclosed embodiments can
be understood and effected by the skilled person in practic-
ing the claimed invention, from a study of the drawings, the
disclosure, and the appended claims. In the claims, the word
“comprising” does not exclude other elements, and the
indefinite article “a” or “an” does not exclude a plurality.
The mere fact that certain features are recited in mutually
different dependent claims does not indicate that a combi-
nation of these features cannot be used to advantage.

Various aspects of the present disclosure may be appre-
ciated from the following enumerated example embodi-
ments, EEEs:

EEE 1. A circuit (100, 101) for detecting a ratiometric

change in an incident light intensity, comprising:

an operational amplifier (110);

a light sensor (120) configured to induce a photocurrent
(Iso) through it as a function of an intensity of an
incident light (126), and connected to an inverting
input (112) of the operational amplifier;

a feedback loop (130) connecting an output (116) of the
operational amplifier to the inverting input of the
operational amplifier, said feedback loop comprising
at least one circuit element (132) having a logarith-
mic voltage-current dependence;

a high-pass filter (140) configured to filter a signal
(V 4ap) output from the operational amplifier to
generate a high-pass filtered signal (V ), and

a comparison element (150) configured to compare the
high-pass filtered signal with at least a first threshold
value and to output a signal (V,.,) which, as a
response to an amplitude of the high-pass filtered
signal passing the at least a first threshold value,
changes to indicate a ratiometric change in the
intensity of the incident light.

EEE 2. The circuit of EEE 1, wherein the light sensor is
connected between the inverting input and a non-
inverting input (114) of the operational amplifier.

EEE 3. The circuit of EEE 1 or 2, wherein the at least one
circuit element is or includes a diode or at least a
two-terminal element behaving like a diode.

EEE 4. The circuit of EEE 3, wherein the at least one
circuit element is arranged in the feedback loop with
one terminal towards the inverting input of the opera-
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tional amplifier and another terminal towards the output

of the operational amplifier.

EEE 5. The circuit of anyone of the preceding EEEs,
wherein the comparison element is a comparator.

EEE 6. The circuit of EEE 5, wherein the comparator is
a hysteretic comparator, and wherein the signal output
from the comparator changes as a response to the
high-pass filtered signal passing both the first threshold
value and a second threshold value different from the
first threshold value.

EEE 7. The circuit of anyone of the preceding EEEs,
wherein the high-pass filter has a corner frequency
depending on a required rate of change of the circuit.

EEE 8. The circuit of anyone of the preceding EEEs,
wherein the high-pass filter is of a switched capacitor
type.

EEE 9. A method (300) of detecting a ratiometric change
in an intensity of an incident light, comprising:
providing (S310) a light sensor configured to induce a

photocurrent through it as a function of an intensity
of an incident light;

regulating (S320), by using an operational amplifier
and a feedback loop including at least one circuit
element having a logarithmic voltage-current depen-
dence, a voltage across the light sensor to zero;

high-pass filtering (S330) a signal output from the
operational amplifier to generate a high-pass filtered
signal, and detecting (S340) a change in the intensity
of the incident light by confirming that the high-pass
filtered signal passes at least a first threshold value.

EEE 10. The method of EEE 9, wherein said detecting a
change in the intensity of the incident light includes
confirming that the high-pass filtered signal passes both
the first threshold value and a second threshold value
different from the first threshold value.

EEE 11. Use of the circuit (100, 101) of any one of EEEs
1 to 8 and/or the method (300) of EEE 9 or 10 to detect
a blinking of an eye.

EEE 12. Use of the circuit (100, 101) of any one of EEEs
1 to 8 and/or the method (300) of EEE 9 or 10 to detect
a movement of an illuminated object.

EEE 13. A smart contact lens (400), comprising:
one or more of, preferably concentric, rings (410-1,

410-2, . .., 410-N) of a liquid crystal display, LCD,
type, each ring being operable between a state hav-
ing a lower attenuation of light and a state having a
higher attenuation of light;

a circuit (420, 100, 101) according to any one of EEEs
1to8;

a controller (430) configured to operate the one or more
rings based on an intensity of an incident light, to
receive the signal (V ,.,,) output from the compari-
son element and to, as a response to said signal
indicating a ratiometric change in the intensity of the
incident light from a higher intensity state to a lower
intensity state, initiate a re-polarization of the one or
more rings.

EEE 14. A method (500) of operating a smart contact lens
(400) including one or more, preferably concentric,
rings (410-1, 410-2, . . . , 410-N) of a liquid crystal
display, LCD, type, comprising:
detecting (S510), using a circuit (100, 101) according

to any one of EEEs 1 to 8 and/or a method (300)
according to any one of EEEs 9 to 11, whether a
ratiometric change in an intensity of an incident light
corresponding to at least a beginning of a blinking of
an eye has occurred and,
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in response to detecting that such at least a beginning
of'a blinking of an eye has occurred, initiating (S520)
a re-polarization of the one or more rings.

The invention claimed is:

1. A smart contact lens, comprising:

one or more, preferably concentric, rings of a liquid

crystal display, LCD, type, each ring being operable
between a state having a lower attenuation of light and
a state having a higher attenuation of light;

a circuit for detecting a ratiometric change in an incident

light intensity; and

a controller configured to operate the one or more rings

based on an intensity of an incident light and to, as a
response to the circuit detecting a ratiometric change in
the intensity of the incident light from a higher intensity
state to a lower intensity state indicating that blinking
of an eye is detected, initiate a re-polarization of the
one or more rings.

2. The smart contact lens of claim 1, wherein the circuit
comprises a light sensor configured to induce a photocurrent
through it as a function of an intensity of an incident light.

3. The smart contact lens of claim 1, wherein the circuit
comprises an operational amplifier.

4. The smart contact lens of claim 3, wherein the circuit
comprises a light sensor configured to induce a photocurrent
through it as a function of an intensity of an incident light
and wherein the light sensor is connected to an inverting
input of the operational amplifier.

5. The smart contact lens of claim 3, wherein the circuit
comprises a feedback loop connecting an output of the
operational amplifier to an inverting input of the operational
amplifier, said feedback loop comprising at least one circuit
element having a logarithmic voltage-current dependence.

6. The smart contact lens of claim 3, wherein the circuit
comprises a high-pass filter configured to filter a signal
output from the operational amplifier to generate a high-pass
filtered signal.

7. The smart contact lens of claim 6, wherein the circuit
comprises a comparison element configured to compare the
high-pass filtered signal with at least a first threshold value
and to output a signal which, as a response to an amplitude
of the high-pass filtered signal passing the at least a first
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threshold value, changes to indicate a ratiometric change in
the intensity of the incident light.

8. The smart contact lens of claim 7, wherein the circuit
comprises a light sensor configured to induce a photocurrent
through it as a function of an intensity of an incident light
and wherein the light sensor is connected between the
inverting input and a non-inverting input of the operational
amplifier.

9. The smart contact lens of claim 7, wherein the at least
one circuit element is or includes a diode or at least a
two-terminal element behaving like a diode.

10. The smart contact lens of claim 9, wherein the at least
one circuit element is arranged in the feedback loop with one
terminal towards the inverting input of the operational
amplifier and another terminal towards the output of the
operational amplifier.

11. The smart contact lens of claim 7, wherein the
comparison element is a comparator.

12. The smart contact lens of claim 11, wherein the
comparator is a hysteretic comparator, and wherein the
signal output from the comparator changes as a response to
the high-pass filtered signal passing both the first threshold
value and a second threshold value different from the first
threshold value.

13. The smart contact lens of claim 7, wherein the
high-pass filter has a corner frequency depending on a
required rate of change of the circuit.

14. The smart contact lens of claim 7, wherein the
high-pass filter is of a switched capacitor type.

15. A method of operating a smart contact lens including
one or more, preferably concentric, rings of a liquid crystal
display, LCD, type, comprising:

detecting, using a circuit according to claim 1 comprised

in the smart contact lens, whether a ratiometric change
in an intensity of an incident light corresponding to at
least a beginning of a blinking of an eye has occurred
and,

in response to detecting that such at least a beginning of

a blinking of an eye has occurred, initiating a re-
polarization of the one or more rings.
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